Abstract. Diabetes mellitus (DM) complications affect patients and cause varying damage. Skin ulcers exhibit difficulties in wound healing, and the regulatory basis for this remains unclear. High glucose concentration (HG) was utilized to mimic DM in cultured cells. Reverse transcription-quantitative polymerase chain reaction, western blotting and fluorescence dye analyses were performed to analyze the effects of hedgehog signaling in regulation of HG or diabetes in fibroblasts. HG-stress suppressed hedgehog-signaling gene expression, whereas the apoptosis and inflammatory response markers, Caspase-3 and plasminogen activator inhibitor-1 (PAI1), respectively, were induced. In addition, HG-stress inhibited the fibroblast proliferation rate. In parallel, treatment with Sonic hedgehog (Shh), an activator of hedgehog signaling, together with HG eliminated effects of HG on expression of hedgehog-signaling genes, Caspase-3 and PAI1, and rescued the cell proliferation rate in fibroblasts. In addition, Shh application activated c-Jun N-terminal kinase (JNK), which was inhibited by HG stress. sp600125, a JNK specific inhibitor, treatment inhibited the effect of Shh on fibroblast proliferation and hedgehog-signaling marker gene expression. Furthermore, zinc finger protein Gli1 (Gli1) overexpression partially eliminated the effect of HG and sp600125 on fibroblast proliferation, and reduced HG-induced ROS generation in fibroblasts. Together, these results indicate that HG stress inhibits hedgehog signaling, and Shh-JNK-Gli1 pathway positively regulates HG-induced damage on fibroblasts.
Introduction
Diabetes mellitus (DM) is a severe metabolic disease prevalent in a large number of patients worldwide (~5.38%) and is characterized by high concentrations of blood sugar (1) . The challenges in DM therapy arise from complications that affect several organs, such as the heart, kidney and skin: Many patients suffer from a delay in skin wound and ulcer repair (2) ; and higher sugar content in blood vessels blocks angiogenesis, which is important for supplying fresh blood for the repair of damaged tissue (3) .
Repair of skin ulcers is a complicated process that requires recruitment of cells such as keratinocytes, platelets, endothelial cells, fibroblasts, and macrophages. Fibroblast migration and proliferation, angiogenesis, and wound contraction, together with collagen deposition and remodeling are the key processes in wound healing. In the dermal skin layer, extracellular matrix (ECM) synthesis is the largest component of the skin generation process (4) . Fibroblasts initiate ECM production and remodeling, which further forms granulation tissue (5, 6) . Levels of cellular reactive oxygen species (ROS) are modified to sense environmental changes, and they function as secondary messengers in regulation of diverse biological processes including cell proliferation, differentiation, and maturation (7) . Fibroblasts isolated from patients with DM are typically large and widely spread, compared with age-matched fibroblasts from healthy people, and exhibit abnormal endoplasmic reticulum, higher number of vesicular particles, and altered microtubule arrays. Therefore, high glucose concentration (HG) in vivo induces normal protein maturation, cellular protein trafficking and protein secretion in diabetic ulcer fibroblasts (8, 9) . In addition, it has been demonstrated that cell proliferation was defective and subsequent production of extracellular matrix protein was affected in diabetic ulcer fibroblasts (8 3 Pathology and 4 Immunology, c-Jun N-terminal kinase (JNK) activity, resulting in a delay in fibroblast migration (10) . Previous transcriptome analysis using HG-stimulated fibroblasts has identified changes in the expression of numerous genes associated with diverse pathways including Wnt, inflammatory response, and hedgehog signaling (11) . Hedgehog signaling has been widely studied due to its significance in development and disease regulation (12) . Hedgehog was first observed as a secreted protein that requires specific positional identity in embryonic segments of Drosophila melanogaster (13) . The three mammalian hedgehog genes, Sonic hedgehog (Shh), Desert hedgehog and Indian hedgehog, are known for their importance in the patterning of developing tissue and biological structures (13) . Notably, inhibition of hedgehog signaling either by loss of a gene or by suppression of expression severely affects development of tissues and organs, leading to skeletal malformation, craniofacial defects, polydactyly and holoprosencephaly (14) . Furthermore, abnormal activation of hedgehog signaling is associated with most basal cell carcinomas, and some medulloblastomas and rhabdomyosarcomas (12, (15) (16) (17) . Under normal conditions, the plasma membrane-localized Patched1 (Ptch1) interacts with Smoothened (SMO) to maintain hedgehog signaling in an inactive or ʻoffʼ state. Following Shh secretion, it interacts with and inactivates Ptch1, resulting in the activation of SMO (16, 18) . SMO further triggers downstream gene transcription through the zinc finger protein Gli (Gli)-Kruppel family of transcription factors, controlling cell differentiation, proliferation, and survival (18) . However, the role of hedgehog signaling in the process of fibroblast repair under DM conditions is currently unknown.
In the present study, the effects of hedgehog signaling on HG-damaged skin fibroblasts were analyzed via Shh stimulation, and the expression levels of hedgehog signaling, apoptosis and inflammatory response markers were determined. Cell proliferation rates were also analyzed. Additionally, JNK activity was analyzed following HG and Shh treatment, and cell proliferation was analyzed following Shh and JNK inhibitor supplementation together with overexpression of Gli1, which is a key transcriptional activator of hedgehog signaling (19) . The findings of the present study may be useful for skin ulcer therapy for patients with DM.
Materials and methods
Fibroblast culture. Human foreskin samples were obtained from 6 male patients (age, 23-35 years), undergoing foreskin circumcision, from January 2017 to March 2017 at the Department of Dermatology, The First Affiliated Hospital of Xinxiang Medical University (Xinxiang, China). The present study was approved by the Ethics Committee of Xinxiang Medical University, and written informed consent was obtained from all patients. The human foreskin fibroblast isolation and proliferation were performed as described previously (10) . Fibroblasts were divided into three groups and treated with HG (35 mM), sp600126 (100 nM; cat. no. S5567; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), and Shh (100 ng/ml; cat. no. S0191; Sigma-Aldrich; Merck KGaA), respectively, for 3 h at 37˚C. The low glucose treated group was untilized as the control.
Cell proliferation assay. Cell proliferation activity was examined following the aforementioned treatment, using a Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) according to the manufacturer's protocol. Briefly, 2x10 3 fibroblasts were seeded in 96 well plates and respectively treated with HG (35 mM) and Shh (100 ng/ml), and cell density was analyzed as previously reported (10) .
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR). RNA was isolated from fibroblasts that were either untreated or treated with HG (35 mM) and Shh (100 ng/ml; cat no. ab23327; Abcam, Cambridge, MA, USA). Fibroblasts were washed twice with ice-cold PBS and 1 ml TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was subsequently added to each 3.5-cm diameter dish to lyse the cells. Following treatment with RQ1 DNase (Promega Corporation, Madison, WI, USA), 1 µg RNA was used to synthesize cDNA using the GoScript Reverse Transcription kit (Reverse Transcription System, Promega) following the manufacturer's instructions. A SYBR Green Master Mix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to perform qPCR on an Illumina Eco 3.0 system (Illumina, Inc., San Diego, CA, USA). The PCR reaction was performed in a 20 µl reaction mixture containing 10 µl SYBR Green Master Mix, 4 µl primers (2 µl each of 2.5 µM forward and reverse primer), 3 µl cDNA template and 3 µl double-distilled H 2 O. A typical reaction consisted of an initial denaturation at 95˚C for 3 min, followed by 40 cycles of denaturation for 30 sec at 95˚C, annealing for 30 sec at 60˚C, and extension at 72˚C for 30 sec, followed by a final extension at 72˚C for 7 min. The transcription levels were normalized against those of GAPDH using the 2 -ΔΔCq method (20) . Primers used in RT-qPCR analysis are listed in Table I .
Western blotting. Total protein was extracted using cell lysis buffer according to the manufacturer's protocol (cat. no. P0013; Beyotime Institute of Biotechnology, Haimen, China) and the concentration was determined using a BCA assay. Total protein (20 µg) from each sample was electrophoresed using 10% SDS-PAGE. Following separation, the proteins were transferred to Immobilon-P Transfer membranes (EMD Millipore, Billerica, MA, USA), which were blocked in blocking solution (1X TBS, 5% skimmed milk and 0.05% Tween-20) for 2 h at room temperature and thereafter probed with primary antibodies at 25˚C for 2 h. The following primary antibodies were used: Anti-phosphorylated (p)-stress-activated protein kinase (SAPK)/JNK (Thr183/Tyr185) antibody (1:1,000; cat. no. 4668; Cell Signaling Technology, Inc., Danvers, MA, US), anti-SAPK/JNK (1:1,000; cat. no. 9252; Cell Signaling Technology, Inc.) and anti-GAPDH antibody (1:2,000, cat. no. ab9484; Abcam). Following incubation with the primary antibodies, the membranes were washed with PBS and incubated with corresponding secondary antibodies for 1 h at room temperature. The secondary antibodies used were anti-mouse or anti-rabbit horseradish peroxidase-linked secondary antibody (1:2,000; cat. no. 7074; Cell Signaling Technology, Inc.). Samples were visualized using a Beyo ECL Plus kit (cat. no. P0018; Beyotime Institute of Biotechnology).
Overexpression of Gli1. To overexpress Gli1 in fibroblasts, the Gli1 open reading frame (ORF) sequence (Gli1; GenBank accession no. NP_005260; National Center for Biotechnology Information; https://www.ncbi.nlm.nih.gov/) was artificially synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The Gli1 ORF was then cloned into the pcDNA3 expression vector (Invitrogen; Thermo Fisher Scientific, Inc.). A total of 2 µg pcDNA3-Gli1 or pcDNA3 empty vector was transfected into human foreskin primary fibroblasts using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's instructions. RNA was extracted from transfected cells following 48 h, and the Gli1 expression level was determined via quantitative RT-qPCR under the same parameters as aforementioned, but with the following primers: Gli1, F, 5'-TTT CCC ATT ACC CCC AGC CCT CTC-3'; R, 5'-GAA GCC CTA TTT GCC CCC ACT ACA-3' and GAPDH, F, 5'-GTC ATC ATC TCT GCC CCC TCT GCT-3'; R, 5'-GAC GCC TGC TTC ACC ACC TTC TTG-3'.
ROS measurement. To visualize cellular ROS levels 2' ,7'-dichlorofluorescein diacetate (DCFH-DA) dye was used (21) . Fibroblasts were cultured in low glucose DMEM (LG, 5.5 mM; cat. no. 11885092; Thermo Fisher Scientific, Inc.) or HG (35 mM; cat. no. 11965118; Thermo Fisher Scientific, Inc.), and Gli1 overexpressed cells were treated with HG at 37˚C for 6 h. Fibroblasts were incubated with 10 µM DCFH-DA for 30 min at 37˚C in the dark and fluorescence intensity was analyzed using a confocal microscope at a magnification of x200 (excitation at 488 nm, emission at 530 nm) within 15 min.
Statistical analysis. Statistical differences were analyzed using the Prism 5 software package (Version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). Data are presented as the mean ± standard deviation and three independent repeats were performed for each experiment. Significant differences between two groups were calculated using Student's t-test, and one-way analysis of variance was performed to analyze differences between more than two groups with a Turkey post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

HG inhibits cell proliferation and hedgehog signaling in skin fibroblasts.
Diabetes is a severe metabolic disease that generates diverse complications threatening patient health. To understand the mechanism of diabetes, HG is typically used to mimic the disease. Previous studies have observed that HG mediated stress altered the expression of many genes including hedgehog signaling-related genes in human fibroblast primary cells (11) . To analyze the effect of HG on hedgehog signaling, key genes associated the pathway were examined for HG-mediated changes in expression. Initially, HG concentration was optimized for the relevant experimental conditions prior to testing gene expression. Previous research has identified that HG concentrations >35 mM significantly inhibit cell proliferation (11) . In the present study, it was confirmed that 35 mM HG stress significantly reduced fibroblast proliferation, in comparison with LG fibroblasts (Fig. 1A) . Furthermore, cell damage via HG was examined at the molecular level by evaluating expression levels of Caspase-3 (apoptosis marker) and plasminogen activator inhibitor-1 (PAI1; inflammatory response marker). RT-qPCR results demonstrated that HG treatment significantly increased Caspase-3 and PAI1 levels (Fig. 1B) . Subsequently, the expression of key hedgehog 
F, forward; R, reverse; PAI1, plasminogen activator inhibitor-1; SMO, Smoothened; Ptch1, Patched1; Gli1, zinc finger protein Gli1. LG.
LG, low glucose concentration (5.5 mM); HG, high glucose concentration (35 mM); PAI1, plasminogen activator inhibitor-1; SMO, Smoothened; Ptch1, Patched1; Gli1, zinc finger protein Gli1; OD, optical density.
signaling-related genes (SMO, Ptch1, and Gli1) was analyzed. RT-qPCR data indicate that HG suppressed the expression of all three genes (Fig. 1B) .
Shh treatment ameliorates the effect of HG on fibroblasts.
As HG suppressed hedgehog signaling and cell proliferation, hedgehog signaling was activated via treatment with Shh in the culture medium, and cell proliferation and hedgehog gene expression were analyzed. Cell proliferation was activated by Shh treatment in LG medium and significantly inhibited by HG stress. Furthermore, addition of Shh with HG ameliorated the effect of HG on cell proliferation, and cells exhibited similar proliferation as cells grown under LG (Fig. 2A) . The effects of Shh on gene expression were subsequently analyzed. Shh treatment induced Gli1 expression in LG growth medium, whereas HG significantly suppressed Gli1 expression. Treatment with Shh and HG eliminated the effect of HG on Gli1 expression, resulting in similar gene expression as that observed in cells grown under LG (Fig. 2B) .
JNK is associated with Shh-dependent cell proliferation and hedgehog signaling-related gene regulation. JNK modulates HG-mediated signaling in fibroblasts (10) . It is known that HG inhibits JNK activity via suppression of p-JNK levels, without affecting total JNK (t-JNK) levels (10) . Shh treatment induced a marked increase in the level of p-JNK (p-JNK) in both LG-and HG-treated cells (Fig. 3A) . However, Shh, HG, and HG+Shh treatments did not markedly affect t-JNK levels (Fig. 3A) . Additionally, JNK function during Shh-induced cell proliferation was examined. Compared with the LG group, treatment with sp600125, a JNK-specific inhibitor, significantly inhibited cell proliferation, whereas Shh treatment significantly promoted cell proliferation. Furthermore, sp600125 treatment significantly inhibited Shh-induced cell proliferation (Fig. 3B) . As JNK has a role downstream of Shh during cell proliferation, the role of JNK in hedgehog signaling-related gene expression was further explored. Effects of sp600126 treatment in LG-grown cells on SMO, Ptch1, and Gli1 transcript levels were analyzed, indicating that inhibition of JNK via sp600125 significantly suppressed SMO, Ptch1, and Gli1 expression (Fig. 3C) .
Overexpression of Gli1 partially eliminates HG and JNK inhibitor action. Gli1 expression was suppressed in fibroblasts upon HG and sp100125 treatment (Figs. 1 and 3) . Therefore, the function of Gli1 was analyzed by overexpressing Gli1 in human fibroblasts. Following sequencing, the Lipofectamine 2000 system was used to transfect 2 µg pcDNA3-Gli1 or pcDNA3 empty plasmid into human foreskin primary fibroblasts. RT-qPCR results demonstrated that Gli1 expression was significantly increased in the Gli1-overexpressing cells than in cells transfected with empty vector (Fig. 4A) . Compared with empty vector transformation, Gli1-overexpressing cells also exhibited a significant increase in cell proliferation (Fig. 4B) . Furthermore, RT-qPCR analysis of Gli1-overexpressing cells treated with HG and sp600125 indicated that HG and sp600126 treatment did not significantly affect Gli1 expression levels (Fig. 4A) . In addition, Gli1-overexpressing cells treated with sp600126 retained their increased proliferation rate compared with control cells (Fig. 4B) , indicating that Gli1 regulates fibroblast proliferation downstream of HG and JNK signaling.
Activation of hedgehog signaling reduces HG-induced ROS generation.
Previous reports have demonstrated that HG-induced ROS production via inhibition of JNK and ROS levels is closely associated with wound repair (10, 22) . To further analyze the association between hedgehog signaling and HG-induced ROS production, ROS levels were detected in fibroblasts using DCFH-DA, which is a ROS indicator.
LG-grown cells were used as a control and were not observed to notably accumulate ROS. However, HG-treated cells showed significantly increased ROS accumulation, compared with LG. To analyze the effects of hedgehog signaling on HG-induced ROS generation, Gli1-overexpressing cells were treated with HG, which resulted in significantly lower ROS levels ( Fig. 5A and 5B). These findings suggested that Gli1 overexpression reduced HG-induced ROS production.
Discussion
Skin ulcers induced by DM are difficult to repair and afflict patients worldwide. Concentration of HG in in vitro fibroblast experiments is typically higher than the glucose levels in physiological levels of glucose in diabetic patients (>11.1 mM); 25-50 mM HG has been used for DM study in previous reports (10, 23, 24) . In the present study, 35 mM HG was used to perform the experiments. Skin wound repair involves multiple steps including cell proliferation, and requires the coordination of multiple cell layers. Fibroblasts in the skin have an important role during wound repair. Abnormal activation of Ras-related C3 botulinum toxin substrate 1 and suppression of JNK were previously observed to be associated with wound repair in HG-stressed skin fibroblasts (10, 25) . In addition, transcriptome analysis has revealed that several biological pathways are altered in HG-damaged fibroblasts, including Wnt, hedgehog, and nuclear factor-κB signaling (11) . However, to the best of our knowledge, the regulatory basis of hedgehog signaling during HG damage in fibroblasts has not been reported.
In the present study, it was observed that HG inhibited cell proliferation and suppressed the expression of key hedgehog signaling-related genes including SMO, Ptch1, and Gli1. Treatment with Shh, an activator of hedgehog signaling, was used to analyze the role of hedgehog in HG-damaged fibroblasts. Shh treatment activated cell proliferation in LG and HG growth conditions, and Gli1 expression was also induced by Shh in both LG-and HG-grown cells. Notably, cell proliferation ability and Gli1 expression were similar in LG and HG+Shh conditions, suggesting that hedgehog may be a target of HG-mediated signaling. To further examine the association of hedgehog signaling in the HG-induced damage of fibroblasts, JNK activity was analyzed in HG-and Shh-stimulated cells. The present results demonstrated that JNK phosphorylation was activated by Shh and suppressed by HG. Treatment with Shh and HG induced an increase in JNK phosphorylation. In addition, sp600125, a JNK specific inhibitor, was used, and cell proliferation was analyzed, which indicated that sp600125 inhibited JNK activity, consequently inhibiting cell proliferation, whereas Shh treatment partially rescued these effects. These results indicate that JNK positively regulates cell proliferation downstream of HG and Shh signaling. As a relatively lower concentration of sp600125 may not completely suppress JNK activity, Shh treatment may be able to partially rescue the inhibited cell proliferation. As Shh stimulation activated JNK activity, the effect of altered JNK function on hedgehog signaling was further explored. sp600125 was added to fibroblasts in LG medium and SMO, Ptch1, and Gli1 expression was evaluated. The data indicate that JNK positively regulates the expression of key hedgehog signaling-related genes and suggest that hedgehog signaling is activated via Shh, which binds the receptor to activate downstream signaling, and that JNK is downstream of hedgehog activated by Shh stimuli. However, JNK also regulates expression of SMO, Ptch1, and Gli1. These three genes were induced by Shh stimulation and suppressed by HG stress, implying that JNK may be a key downstream factor through which HG and hedgehog signaling regulate expression of SMO, Ptch1, and Gli1. Furthermore, Gli1 overexpression eliminated HGand sp600125-mediated effects on cell proliferation, further suggesting that Gli1 function is downstream of HG and JNK signaling.
Previously, it was demonstrated that HG-represses JNK signaling to increase ROS production in human fibroblasts. A previous study (10) determined that as Shh treatment activates JNK activity, Gli1 overexpression reduced impact of treatment with a JNK inhibitor. Therefore, the ROS production in fibroblasts and in skin from diabetic rats was analyzed. HG or diabetes highly induced ROS generation in fibroblasts and rat skin, and the activation of hedgehog signaling via Shh treatment and Gli1 overexpression in diabetic rat skin and HG-stimulated fibroblasts, respectively, reduced ROS production. These data suggested that activation of hedgehog signaling reduces the effect of HG, possibly via inhibition of ROS overproduction (10) . Further analysis is required to elucidate the associations between ROS generation and hedgehog signaling in human fibroblasts. Although the linkage between Gil1-JNK-ROS was identified in the present study; however the regulation of this process was not determined. Further study may be required to assess how HG stress inhibits hedgehog signaling.
The findings of the present study are unique, to the best of our knowledge, and provide important insights that may help elucidate the regulatory basis of skin ulcers induced by diabetes. Elucidating the mechanism of hedgehog signaling activation to protect fibroblasts from HG damage may provide a molecular target for clinical treatment.
